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ABSTRACT become infeasible, and the number of changes between successive

As Aspect-Oriented Programming (AOP) wins more and more pop- executions of the test suite is likely to increase. In such cases, ex-
ularity, there is increasing interest in using aspects to implement @Mining each place of source modification and pinpointing the few

crosscutting concerns in object-oriented software. During software that introduce_s the f_ailure beco”!e a burden task for programmers.
evolution, source code editing and testing are interleaved activi- Mclnregverl, edits arf([a inter-related in n:janﬁ/ ways esgeually WLlen de-
ties to assure code quality. When regression tests fail unexpect-vﬁ oping zra]rge hso l\évz:)re system,_b?nf t ﬁrefc_?nd e more than one
edly after a long session of editing, it may be difficult for program- €hanges that should be responsible for the failed tests.

mers to find out the failure causes. Moreover, due to the exten- ASPect-Oriented Programming (AOP) [11] has been proposed as
sive use of subtyping and dynamic dispatch in object-oriented pro- a techn(qu_ue flor Improving feparatlon of cgncerdns n softw;?rebdej
gramming language and the inherent semantic intricacies in aspect-Slgn andimp gmentatlon. n ?]n ashpect-onented system, tl € basic
oriented features, the nontrivial combination of those likely non- Program unit is an aspect rather than a procedure or a class. An

local changes would also affect other parts of program accidentally 3SPECt With its encapsulation of state with associated advice is a
and that may indicate potential faults in the updated version. significant different abstraction than the procedure unit within pro-

In this paper, we propose a new fault locating technique for As- cedural programs or the class unit within object-oriented programs.

pectd programs. At the core of our approach is the source level With the inclusion ofjoin point, an aspect woven into the base
atomic changeepresentation, which captures precisely the seman- c0d€ is solely responsible for a particular crosscutting concern,
tic differences between two program versions. If a test fails unex- Which raises the system's modularity among aspects and classes.
pectedly, a subset of affecting changes is identified and program- HOWever, when locating faulty code in aspect-oriented programs, it
mers are allowed to select (and apply) suspected atomic changeén‘_’OIVes more complex situations than in the traditional program-
to the original program, constructing compliable intermediate ver- Mg languages:

sions. Then programmers can re-execute the failed test against ® Control flow and data dependence between aspect and base

these intermediate program versions to locate the exact failure- code Since the woven aspect may change control and data
inducing reasons by iteratively select, apply and narrow down the dependency to the base code, adding or changing the aspect
set of affecting changes. We implement our prototype Flota, a fault code can significantly affect the semantics of whole program.
locating tool for AspectJ programs built on top Celatid®ur em- e Multiple Advice Invocation While multiple advices apply at
pirical study shows that Flota can help programmers effectively the same join poinprecedence rulei8] determine the order

find a small set of failure-inducing changes and provide valuable in which they execute. The interactions between the base and
debugging support for AspectJ programs. aspect code or even the aspect weaving sequences will also

dramatically affect the program behavior.
e Advice with dynamic pointcuts For an advice associated
1. INTRODUCTION with a dynamic pointcut, the advice may or may not be in-
During software development process, coding and testing are in- voked at a join point at run time, depending on the evaluation
terleaved activities to assure code quality. Normally, when new of the corresponding runtime condition.
program functionality is implemented, or an existing program is o After advices and exception handling The invocation of
modified, the updated software version needs to be regress tested after advicesis more complex, because it is related to the

to validate these changes. After a long code editing session, re- exception handling mechanism in Aspedfter advicesare
gression tests are executed to ensure that the changed code in the classified into three typesfter-returning after-throwingand
updated program version does not conflict with previous releases. after-always which have different semantics in program un-
In this phase, any test case that produces unexpected result may in- derstanding.

dicate potential defects in the updated software. Difficulties occur o )

when regression tests reveal unexpected behaviors, such as asser- Although many fault localization techniques have been presented
tion failure or exceptions. Sometimes, although the programmer int_he Iite_rature, most of the work has been focused on procedural or
knows that he has introduced a bug, he still does not know which object-oriented software [7,8,19,22], seldom effort has been made
part of editing should be responsible for the bug. If the editing are for aspect-oriented software. The unique aspectual features in As-
all these changed places manually. However, as a code base an@f Aspectd programs and how to debug AspectJ programs still re-

its test suite grow in size, running the tests after each minor changeMains a big problem. Therefore, an appropriate fault localization
technique which can capture the subtle semantic changes and iso-

Lour change impact analysis framework for AspectJ programs [23]. late the faulty changes for AspectJ programs is needed. In this




paper, we proposed a new fault localization technique for AspectJ AspectJ programs, which is the foundation of our fault localization
programs. At the core of our approach is the source latahic approach.

changerepresentation, which can capture precisely the semantic

differences between two AspectJ program versions. We construct2.1  AspectJ

static.AspectJ call graph for the failed test to identify a subset of 5 join pointin AspectJ is a well-defined point in the execution
affecting changes. Programmers can select and apply (or rolback),a; can be monitored - e.g., a call to a method, method body execu-
the suspected atomic changes to the original program, constructingiion etc. For a particular join point, the textual part of the program

compliable intermediate versions. Therefore, programmers can re-qy e ted during the time span of the join point is calledsthedow
execute the failed tests against these intermediate program versiong ihe join point [6].

to locate the exactly failure-inducing reasons by repeatedly select,

Sets of join points may be represented fmjintcuts implyin
apply and then narrow down the set of affecting changes. join p y P e % Imping

- i that such sets may crosscut the system. Pointcuts can be composed
We built Flota, a fault localization tool for AspectJ programs on  4nq new pointcut designators can be defined according to these
top of the Celadon framework. Flota uses the input of Celadon t0 o mpinations. Aspectd defines several primitive pointcut designa-
generate valid intermediate programs automatically. The benefits 5. each one is either static (defining a set of join point shadows,
of automating the fault localization process relies @) identi- such ascall andexecutiol or dynamic (defining a running condi-
fying the subset of affecting changes which causes the regressiontion, such asflow). A combined pointcut is dynamic if one of its
tests fail without examining each of these changes manu@ly, component pointcuts is dynamic; otherwise it is static.

constructing compilable intermediate source program versions, and Example: In Figure 2, pointcusingleFeeCheck  contains join

(3) certain changes that do not result in failure can be ignored, pro- points wherBaseFee.caculateNum() is executed if the runtime
grammers can further examine and isolate smaller sets of changegpis object type isBaseFee. Similarly, pointcuttaxFeeCheck

until they locate the exactly ones. Our goal is to provide program- .,ntains join points wheraxFee.calculateNumm() is called
mers with a tool to aid in the debugging process for AspectJ pro- during execution.

grams, so that they do not need to be concerned with the syntactic o ) ) ) ) )
inter-relationship of these changes. We present an experimental Adviceis a method-like mechanism that consists of instructions
study on 6 AspectJ program versions [1] using Flota. The result that executebefore after, or around a pointcut. Around advice
shows that Flota can effectively reduce the number of responsible €xecutesn place of the indicated pointcut, allowing a method to

changes and provide valuable debugging support for AspectJ pro-Pe replaced. ) o o
grams. The main contributions of this paper are: An aspectis a modular unit of crosscutting implementation in

AspectJ. Each aspect encapsulates funcionality that crosscuts other
classes in a program. Moreover, an aspect can usatentype

grams, based on thetomic changd23] representation for . . - )
Aspect] programming language. We summarized the seman-conStrUCt to introduce methods, attributes, and interface implemen-
tation declarations into classes.

tic dependence relationships between these atomic changes, N
P P 9 Example: The aspecPositiveFeeChecker in Figure 2 de-

which allow automatically constructing syntactically valid . ; . .
; : v g sy y clares two advices, which are attached to the corresponding point-
intermediate program versions. i .
« We implemented Flota, a fault locating tool for AspectJ pro- cutsingleFeeCheck  andtaxFeeCheck , respectively. These two
’ advices are used to check whetBeseFee.singleNum  and

grams on top of Celadon. Flota can build intermediate pro- . . f .
. : . , TaxFee.taxNum are in appropriate values during the execution.
gram versions automatically according to programmers’s se-

lection. An AspectJ program can be divided into two pathsise codge
e We conducted an experimental study using 6 AspectJ bench-Which includes classes, interfaces, and other standard Java con-
mark versions [1]. The result shows that Flota can help pro- structs, andaspect codewhich implements the crosscutting con-
grammers effectively identify fault causes in Aspect] pro- Cerns in the program. For example, the program in Figure 1 and 2
grams by narrowing down the failure-inducing changes set, is divided into the base code (shown in Figure 1), which contains
with an acceptable runtime performance. three classeBaseFee, TaxFee , andExtraFee , and the aspect
code (shown in Figure 2), which contains one aspestiveFee-

The remainder of this paper is organized as follows. Section 2 checker . Moreover, the Aspect] implementation ensures that the
introduces briefly the background of AspectJ and gives a motivat- aspect and base code run together in a properly coordinated fashion.
ing example of our approach. Section 3 presents a summary of A key related component is aspect weavewhich ensures that
atomic changes used in fault locating process and gives the semanapplicable advice runs at appropriate join points. More information
tic inter-relationship rules between those changes. Section 4 reportsabout AspectJ can be found in [3].
the implementation issues of our tool Flota and an empirical eval-
uation is presented in Section 5. The related work and concluding 2 2 Change Impact Analysis
remarks is given in Section 6 and Section 7, respectively.

e We proposed a new fault locating technique for AspectJ pro-

Our fault localization technique relies on the change impact anal-
ysis [23] of Aspectd programs. Change impact analysis is per-

2. BACKGROUND AND EXAMPLE formed by Celadon to decompose the source code changes between
Figure 1 and 2 show a small AspectJ example program contain- two program versions into a set of atomic changes. Celadon also
ing classeB®aseFee , TaxFee , andExtraFee , and aspedositi- builds the semantic dependencies between atomic changes. Flota

veFeeChecker . Associated with the program is three JUnit [4] then uses the output of Celadon, to construct syntactically valid in-
testsTestFees.testBase , TestFees.testTax andTestFees. termediate program versions. These intermediate program versions

testExtra  shown in Figure 3. Here, we assume a sequence of ed- contain some, but not all of these atomic changes. Notice that, if a
its to the original program in Figure 1 and 2. The editing parts set of atomic changes likely contains a bug, then applying certain
are all new added and marked by underlir@efore we present  subsets of that changes will not lead to a buggy program. Thus, the
an overview of our approach, we next briefly introduce the back- construction of intermediate programs allows us to localize faults
ground of AspectJ and the change impact analysis technique formore effectively by ignoring the irrelevant changes, focusing our



public class BaseFee { public aspect PositiveFeeChecker {

public int totalNum; pointcut singleFeeCheck(BaseFee base) :
public int singleNum; execution (* BaseFee.calculateNum()) && this (base);
public  BaseFee( int singleNum) { before (BaseFee base) :singleFeeCheck(base) {
this .singleNum = singleNum; if (base.singleNum < 0) {
base.singleNum = 0;
public int calculateNum() { }
totalNum = singleNum  *12;
return  totalNum; pointcut taxFeeCheck(BaseFee tax) :
execution (* TaxFee.calculateNum()) && this (tax);
public int getTotalNum() { before (BaseFee tax):taxFeeCheck(tax) {
return  calculateNum(); if ((TaxFee)tax).taxNum < 10) {
((TaxFee)tax).taxNum = 10;
public class TaxFee extends BaseFee { } =
public int taxNum; =
public  TaxFee( int num, int taxNum) { }
super (num); i L. .
this .taxNum = taxNum; Figure 2: Original version of example program: the aspect
code
public int calculateNum() {
totalNum = super .calculateNum() + taxNum; public class TestFees extends TestCase {
return  totalNum; public void  testBaseFee() {
} BaseFee fee = new BaseFee(100);
. int  totalNum = fee.getTotalNum();
public class ExtraFee extends TaxFee { assertTrue(totalNum == 1200);
private final int extraNum = 10;
public ~ ExtraFee( int num, int taxNum) { public void testTaxFee() {
super (num, taxNum); BaseFee fee = new TaxFee(50, 20);
. int totalNum = fee.getTotalNum();
public_int calculateNum() { assertTrue(totalNum == 620);
totalNum = super.calculateNum() + extraNum;
return totalNum; public void testExtraFee()
l BaseFee fee = new ExtraFee(0, 10);
} int totalNum = fee.getTotalNum();
assertTrue(totalNum == 10);

Figure 1: Original version of example program: the base code

Figure 3: Test Case for motivating example

attention on viable, interesting ones.

Figure 4 shows the atomic changes corresponding to the source . .
edits in Figure 1 and 2. Each atomic change is shown as a box,Lhee;#:éltrggbbezg\\ll;gée?f me.th?théFezﬁaliulateNum() may
where the top half of the box shows the category of the change, Y ore():  taxFeeChecker()
and the bottom half shows the method, field or advice involved.  Another core part of our change impact analysis approach is the

An arrow from an atomic changd; to A, indicates thatd, is call graph representation [13, 23] for AspectJ programs. Call graph

dependent om;. is constructed to determine: (1) the affected tests after program
Example: In Figure 4, the addition of adviceefore(BaseFee changes; and (2) the affecting atomic changes for each affected

tax): taxcheck(tax) is represented by atomic changeME@A : test.

Add Empty Advide which depends on atomic change®NP: Add Figure 5 shows the dynamic call gragtfer three testSestFees.

new Pointcu) because the new added advice uses the pointcut dec-testBaseFee , TestFees.testTaxFee , andTestFees.testEx-

larationtaxFeeChecker . Atomic change 64EA) would lead to traFee . In these call graphs, edges corresponding to advice invo-
a syntactically invalid program unless the referred pointcut is also cation is labelled with dash lines. A test is also determined to be
added (i.e., atomic change 5). Therefore, atomic change 5 is a pre-affected if 1) its call graph contains a node that corresponds to a
requisite of atomic change 5. The careful reader may also find thatbase code change [16], like a changed metr@i ) or deleted
there is &CAB change (atomic change 8) which depends on atomic method DM) or contains an edge that corresponds to a lookup
change 6. This is because in our change impact analysis model,changd_C, and 2) its call graph contains a node that corresponds to
we decompose the source code editing of adding a new advice intoanadvice body changéCAB), delete empty advice chanieEA),

two steps: the addition of an empty advice (i.e.,atomic change 6: modify inter-type method bod{CIMB ), or delete the inter-type
AEA), and the insertion of the advice body (i.e., atomic change 8: method(DIM) or contains an edge that corresponds to an advice
CAB), where the later is dependent on the former. Similarly, the invocation changeAlC or contains a node involved in aAlC
deletion cases are in a reverse order. change. Using the call graphs in Figure 5, it is easy to see 1)

Atomic changeAIC captures thedvice invocationshanges. | cSitestBaseFee  isnot affected and ZJests.testExtraFee
and Tests.testTaxFee are affected, because their call graphs

It reflects the semantic differences between the original program . A
. ) o A . each contains a node foaxFee.calculateNum() which involves
and the edited program; and indicates that the advice invoking at .

the certain join points has been changed. F€ changes are inthe AIC atomic change 9.

generated in situations wheteadvice, join point- pairs is added For the affected t?StS-QStFees'teSITaXFee andTe.StFees'
or removed as a result of source code changes. testExtraFee ), their call graphs on the updated version are shown

Example: Atomic change SIC <before(taxFecChecker, —pguBoc ) BOE SR EEnE SRR R e, changes
TaxFee.calculateNum() >) models the fact that the advice ) 9 ’ 9

pgfore().:taxFeeChecker() will be inVOked_ e_‘t the method call 2Celadon can work with call graphs constructed using static analysis or from the actual
join point TaxFee.calculateNum() after editing. As a result, program execution.
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Figure 6: Call graphs for the tests in the updated programs (the
call graph of testBaseFee remains unchanged after modifica-
tions)
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TaxFee.
calculateNum()

BaseFee()

from the source editing, 7 changes are identified to aféattees.
testExtraFee by Celadon. The question iswvhich of those 7
changes are the likely reason(s) for the test failu@@r tool Flota
CalcuIateNum{) provides programmers fault localization help by allowing automatic

\

BaseFee.
getTotalNum()

before():
singleFeeChecker

TaxFee.

calculateNum() construction of valid intermediate program versions containing cer-
tain suspected atomic changes. Flota works as follows: first, a pro-
SingleFeechecken grammer selects the suspected atomic changes that he thinks is the
caleuiateRium() most likely failure reasons, then Flota automatically constructs an
w interm_ediate program versi_on by applyi_ng the selected changes and
all their prerequisites to build a syntactically correct program. The
programmer can then re-execute the failed tests against the inter-
Figure 5: Call graphs for the tests in the original programs mediate program versions. If the test cases pass, the programmer

can ignore the applied changes that do not result in the failure, and
continues to narrow down the remaining smaller set of changes un-

like changed methodCM) and added method#l1) that corre- il they locate the exactly reasons. _

spond to a node in the edited call graph, and changes like lookup . F'0t@ also provides programmersaiiback function that allows

changelC) that correspond to an edge in the call graph; and (2) the them to undo their selection, and restort_a the orlgl_nal program. There-

atomic changes appearing in the aspect code, including changes ofpre, programmers can construct the intermediate versions itera-

adding new adviceEA ), changing advice bodyJAB),introducing  tVely by applying the suspected changes. .

new inter-type declared methotNM ) and changing inter-typed Example: For TestFees testExtraFee , then=T are 7 atomic

declared method bod@(MB ) that correspond to a node in the call  €hanges that may be responsible for the test failure. Programmer

graph. The affecting atomic changes also include the advice invo- MY first guess the new added advice invocation is cause of test fail-

cation changesAIC) that correspond to an edge in the call graph. ure {ind then he selects change 9 and 8to apply. Flota gutomatlcally

The whole affecting atomic change set also includes the transitively 2PPlies atomic changes S and 6 prior to applying atomic change 9

prerequisite atomic changes of all above changes. and 8 to thg orl_glnal program to construct a intermediate program
Example: We use shadows to annotate the modified method Version which is shown in Figure 7.

or advice. The call graph ofestFees.testTaxFee contains pointcut  taxFeeCheck(BaseFee tax) :

and node corresponding to atomic change 8 and an edge labelled = execution (* TaxFee.calculateNum()) && this (tax);

<before():taxFeeCheck ,TaxFee.calculateNum() >, which before (BaseFee tax):taxFeeCheck(tax) {

corresponds to the atomic change 9 in Figure 4. Atomic change 9 i (((T(?T’(;Xe,fgggi)atx;mm< R

depends on atomic change 5 and 6. ThereftestfFees.testTa- ' '

xFee is affected by atomic changes 5,6, 8 and 9. Similarly, the call

graph ofTestFees.testExtraFee contains methoéxtraFee. Figure 7: Intermediate program version by applying atomic

calculateNum()  corresponding to atomic change 2 which de- change 8and 9

pends atomic changes 1 and 3, and an edge corresponding to the

atomic change 9 which depends on change 5 and 6. Consequently, \When programmer re-executBssts.testExtraFee and finds
testExtraFee.calculateNum() is affected by atomic changes 1, it passes, he ignores the three selected changes and focuses on the
2,3,5,6,8and9. last remaining 3 atomic change.
. . . Though a toy motivating example, the debugging support pro-
2.3 Fault Localization ApproaCh Overview vided by our technique can be useful to real world software and
The original program version passes all the three tests in Fig- the benefits of having tools such as Celadon and Flota to assist in
ure 3, but testestFees.testExtraFee fails after the source locating faulty changes are undeniable (discussed in Section 5), es-

editing. As shown in Figure 4, there are totally 9 atomic changes pecially when there are hundreds or thousands of changes. In our



Abbreviation | Atomic Change Name advice tuple set in the original program whilex A’ denotes the

'Sﬁ Sg?e?en 5mEpr;yp¢ySK§Ste of matched tuple set in the updated program version.

INF Introduce a New Field i

DIF Delete an Introduced Field 3.2 Semantic Dependence Rules

CIFI Change an Introduced Field nitializer There are some inter-relationships between atomic changes which
g\:m g‘glg(tj;gﬁ ?n't\:g\évu'\él:éhl\?lgth od induce a partia_l orderingk on a set of them, yvith transitiv_e_ clo-
CIVB Change an Introduced Method Body surej*_ . Tha_t is, Clj_* C;Z Qenotes thatClis a pr'ereqwsne for_
AEA Add an Empty Advice C2. This partial ordering indicates that when applying one atomic
DEA Delete an Empty Advice change to the program, all its dependent changes should also be ap-
CAB Change an Advice Body plied in order to obtain a syntactically valid version. The benefit of
ANP Add a New Pointcut defining such a partial ordering is that Flota can construct a seman-
CPB Change a Pointcut Body tic correctness intermediate version automatically according to the
DPC Delete a Pointcut dependence rules.

SEB gg?;;:ﬂ%f;ﬁ@%gfggﬂon For a given se€' of atomic changes that transform original pro-
AAP Add an Aspect Precedence gramPto P, < can be used to determlng conS|s.tent subGSétsf

DAP Delete an Aspect Precedence C such that applying”’ to P would result in a valid progran”

ASED Add a Soften Exception Declaration that incorporates some, but not all of the changeB’inA subset
DSED Delete a Soften Excepftion Declaration of C’ of the full set of atomic changes is consistent if:

AIC Advice Invocation Change

Va e Cthatd <a,ac A’ —a €A
Table 1: A catalog of atomic changes in AspectJ The ordering between atomic changs is computed automatically by
Celadon. We give the dependence rules between atomic changes as

approach, the syntactic dependence between each atomic change follows.
calculated automatically and programmers only need to focus on Ryle 1: Declare-Access Rule

the valid, interesting intermediate program versions. A new program element must be declared first before making any
changes to its body. Similarly, the program element body must be

3. ATOMIC CHANGES IN ASPECTJ cleaned before deleting the element declaration.
In our previous work [23], we identified a catalog of atomic In our change impact analysis model, all the adding changes

changes (shown in Table 1) and presented a change impact anallAA, AEA, ANP, INM andINF) represent adding an empty lan-
ysis model for AspectJ programs. Those atomic changes represenguage element. Similarly, all the deleting changd#( DEA,
the source code modifications at a coarse-grained model (that is,PPC, DIM andDIF) represent deleting an empty element. For
method-level), which is amenable to analysis. We assume that the€xample, defining a new aspect is decomposed into a set of atomic
original and the updated programs to be both syntactically correct changes: first adding an empty aspect definition, then adding its
and compliable. members such as pointcut, advice and inter-type declarations, and
Additionally, there are syntactic dependencies between atomic finally inserting the body or initializer of each member. Symmet-
changes. Intuitively, an atomic change is dependent on another  rically, deleting an aspect is decomposed into reserved steps: first
atomic change’s, if applying C; to the original version of the clearing the body or mmallzer of each m_ember, then_ deleting the
program without also applying’ causes a syntactically invalid member declarations in the aspect, and finally removing the aspect
program that contains some, but not all of the atomic changes. Thedefinition. This rule summarizes the dependence relati(_)nship of
syntactic dependence relationship (i.e., in above exaniplés a how new aspectual constructs can be added or removed in the pro-
prerequisitefor C, Cz2 < C1) between atomic changes is crucialto  9ram. . . .
construct intermediate program versions. However, it is important Example:in Figure 2, adding a new advieefore():taxFee-
to understand that onlgyntacticdependencies can not capture all Check is decomposed into two atomic changes: (AEA: Add
semanticlependencies between changes in AspectJ programs (e.g.EMpty Advicgandcs (CAB: Change Advice Bogly According
such as the non-local affecting changes, like adding a new methodto this rule, we have the dependence relationstipx cs. In Fig-
would cause the advice invoke changes, because of the accidentiy!'e 4, the dependence between pairs of atomic changes (1,4), (2,3)
join points matching). We will give a suite of dependence rules and (5,7) are also generated from this rule.

between atomic changes in Section 3.2 in detail. In AspectJ programs, a special case is that the poincut definition
. can be anonymous. We treat the anonymous pointcut as a part of
3.1 Atomic Changes advice declaration, thus any changes to the anonymous pointcut

Atomic changeepresentation is the foundation of our fault lo-  will result in the definition change of associated advice.
calization technique. Most of the atomic changes sucGIdB
(change inter-type declared method body regardless of the numbe
of statements within the changed methddRB (change pointcut
body) in Table 1 is self-explanatory except farC. As defined
in [23], the formal definition oAIC is:

AIC =
. . , , , , Generally speakind)eclare-Reference Rutaptures all the nec-
{<ha>|<j,a>e (@ xA-IxAUUI xA-T xA))} essary Aspect] element declarations that are required to create a
whereJ andA are the sets of join points and advices in the original valid intermediate version. Dependencies derived from this rule
program, and)’ and A’ are the sets of join point and advices in  are intuitive as they involve how new code is added or deleted in the
the modified programJ x A denotes the matched join points and program, especially for the interactive usage of AspectJ elements.

Rule 2: Declare-Reference Rule

A program element must be declared first before any other program
element can have a reference to it. Similarly, a program element
can only be deleted when there is no other program element refer-
ring to it.



Example: As shown in Figure 4, there is a dependence between
atomic change 1AF) and 2 CM), because variablextraNum is
used inside the body of methaeediculateNum() . Therefore, the
variable should be declared first before referred in other method
body. We have the dependenée® (extraNum ) < CM (calculat-
eNum() ). In Figure 4, the dependencies between pair of atomic
change (5,6) is also derived from this rule.

A special case of thBeclare-Reference Rulmncerns pointcut
and soften exception declarations. AspectJ provides an lexical-
based join point selection mechanism to pick up necessary join
points in the program. The semantics of AspectJ pointcut [6] does

not guarantee the join points (e.g, method call or field access) must

already be defined in the program. Therefore, there is no depen-

dence between elements used in the pointcut body and the point-

cut definition. For example, for a typical pointcut definition like
pointcut pcName(): call( *» C.m()) , if methodC.m() has
not been declared, the program is still valid. Similarly, for the
soften exception declaration likieclare soft: Exception:
execution(C.m()) , this statement declaration also does not de-
pend on the method.m() declaration.

Rule 3: Abstract-Aspect Rule

However, an inherent intricacy of AspectJ program is that multiple
advice can be invoked at the same join point. Thus, we use dif-
ferent < join point, advice> tuples to represent these cases. For
example, if two new added adviced andA2 are both invoked

at the same join poindP. We represent this change by atomic
changeAlC (<JP, Al >, <JP, A2 >). Another special case is the
dynamic pointcutn AspectJ programs, such aflow, if andtar-

get Since a dynamic pointcut that statically matches a shadow
could potential not match that shadow at runtime, it is difficult to
precisely compute the exactly runtime behavior of advice. In our
model, we use thejoin point, advice- matching information from

the ajc compiler and conservatively assume that for all dynamic
pointcuts will be invoked, whether they match a shadow or not has
to be determined at runtime. Through this way, though approxi-
mately, we can safely use atomic cha®d€ to capture the source
code changes.

Rule 5: Inter-type Method Overriding Rule

LC changes also depends on the corresponding inter-type method
declaration overriding the existing method that result in the dy-
namic dispatch change.

As discussed in [17].C change models changes to the dynamic

An abstract pointcut must be implemented in all the sub-aspect of dispatch behavior of instance method. It can be caused by edits
an abstract aspect, before it is declared in the abstract aspect. Sim-that alter inheritance relations. Changes like addition or deletion
ilarly, the declaration of an abstract pointcut must be deleted before of a class, addition or deletion of an overriding method as well as

the deletion of its implementation in the sub-aspect.

This rule captures the way how a new abstract pointcut is added
or deleted according to the AspectJ programming language seman
tics.

ExampleAssume prograr® defines an abstract asp@etwith a
sub-aspecsAwhich extend#\A we add an abstract pointcut decla-
ration ofpcA into AA, andSA provides the implementation ptA.
According to theAbstract-Aspect Ruleve have the dependence
between atomic change®iNP(AS.pcA() ) < ANP(AA.pcA() ),
which means that the pointcpgA() should be declared in the sub-
aspeciS before defined in the abstract aspeat

Rule 4: Advice-Invocation Rule

The Advice Invocation Change (AIC) depends on the correspond-
ing source code modification that results in the advice invocation
changes.

In our model, we use thAIC change to model changes of ad-
vice invocation behavior. In AspectJ programs, either changes in
base or aspect code may cause lost or additional matching of join
points, and then results in accidental advice invocation changes.
Moreover, common changes likenaming class membeén base
code oradding new advicén aspect code may also cause dramatic
changes of advice invocation behavior. Therefore, Kilvice-
Invocation Rulds used to capture the dependence relationship of
how the advice invocation change occurs. Another issue concern-
ing the advice invocation changes is the aspect precedence declar
tion for multiple advices invoked at the same join point. The kind
of changes are captured by two atomic changaP (Add Aspect
PrecedenceandDAP (Delete Aspect Precedence)

Example: In Figure 4, since the new added adviegore():
taxFeeCheck() matches the method cadlkFee.calculateNum() ,
atomic changes 6AEA) and 9AIC are generated. According to
this rule, we represent the dependence relationship between thes
two changes aBEA < AIC.

Generally, this rule summarizes the reasons of Why change
happens. Changes like (1) addition or deletion of class members
(methods or fields), (2) addition or deletion of advice definitions,
and (3) changes in the pointcut body, may all resuki@ change.

changing the modifier of a class or changing the access control of a
method may all result in theC change. In AspectJ programs, the
inter-type method declaration may also causd iechange, when
the introduced method overrides the existing one in the base code.
This Inter-type Method Overriding Rulis used to capture the
dependencies introduced by the usage of inter-type method dec-
laration. In this case, theC change depends on the inter-type
declaration changes in the aspect code.
Example: Assume we add an extra inter-type method (@uwhlic
int TaxFee.getTotalNum() ) to aspecPositiveFeeCheck . For
this change, an object @axFee will not resolve toBaseFee.getTo-
talNum() . CeladonwillreportahC (<TaxFee, TaxFee.getTo-
talNum >) change. According to thigiter-type Method Overrid-
ing Rule we have dependenciNM (TaxFee.calculateNum() )
< LC.

4. |IMPLEMENTATION ISSUES

Celadon is a change impact analysis tool for AspectJ programs
which is designed as an Eclipse [2] plugin. It first decomposes the
source code differences between two program versions into a set
of atomic changes, and then automatically determine the affected
program parts and affected tests. Our fault locating tool Flota relies
on Celadon for: (1) transform program changes into a set of atomic
changes, (2) identifying the affected test cases, and (3) compute
affecting changes for each affected test.

& Like Celadon, Flota is also designed as an Eclipse plugin. It

takes the atomic changes, affected tests and their affecting changes
generated by Celadon as input. The main tasks that Flota performs

are (1) to gather and order all prerequisites of the affecting changes

and present them in a dependence tree format, (2) to create the Self-
Contained atomic change set according to the programmer’s selec-

tion, and (3) to apply the Self-Contained change set to the original

?)rogram to build a syntactically valid intermediate program ver-

sion. Besides handling full Java language constructs as described
in [16], Flota also handles most of the AspectJ language features.

4.1 Create Self-Contained Atomic Change Set

When programmers select and apply the suspected changes, Flota



first construct a Self-Contained atomic change set. A Self-Containe( |/t Jeveie Bederstion|Seerch Coneele [ FAEEIE o e
atomic change set is the set which contains exactly all prereqUISItes | .. on samtiatiets:os totrien ater{ [Seuerste Tntematiate Tile fron T

Of the Se'eCted Changes together Wlth their dependencies. The se) [ AEAChange® <OCM handleMetries Metries after( ) © DCM Paintents applExecs()>

[# AEAChange  <DCM. handleMetrics Metrics after( ) : DCM Pointeats. dataOutput (1>

mantic dependence rules defined in Section 3.2 are used by Flotg| = sichenee <cn raniien

.. . [SB AFAChanze: <DCM. handl el ics Metrics aroundl )
to collect all the necessary prerequisites to form the Self-Contained AChange: N, handLeletrs o Natri ca
. . . = AFFChange: <DCM.Fointcuts. applExecs( ) @ (execution(k 0. )) B& (lexecution(k java %0 .)) && (!
change set. For dependencies defined in Rule 1 to 5, most of the Mopunge: DN, Evintonta? .
. . . . AFChange: CW. Claz=Relationzhip mainclassname
orderings between changes is arbitrary. However, certain order- AEChangel <000 Daa dated
ings of dependencies handled by Flota are critical to the process of]

AFChanze: <DCM. DCMrecord. dymamicDCHvalne>
creating valid intermediate program versions. For example, a inter-

ics Metrics around( ) © DCM. Fointeuts. applC
ICH. Fointents. applE:

ctors (17

AFChanze: <DCM. DCMyecord. numlive>
AFChanze: <DCM. DCMrecord. numtotal’
AFChanze: <DCM. DCMrecord. staticDCMvalue?

B

type method needs to be deleted prior to the addition of a inter-type el el e el I
method in the same aspect with the same name, but different return el e P T
type. o B e nd e e
. . AFChange: <ICW. handleMetrics. Metrics. timesteps> . .
4.2 Construct Intermediate Version e e e
. . AICChange :<advice: MllocFree after (0: DM Pointcuts. datalutput ()., >
Float uses the API exposed by the AJDT [2] project to manipu- AICChange :<advice: Classhalationship. befors(): <anonmous pointeut?s
ATCChange :<advice: Metrics.after (): applConstructors..>
late the abstract syntax tree (AST) of AspectJ program. When con- ATCChange :<advice: Metrics, after O applixecs.. >
. . . . AICChange :<advice: Metrics. after () datalutput..> v

structing the intermediate program versions, Flota replaces the cor-{|. 5
responding AST node including its child nodes (or inserts new AST |: =+ e Rl e

node) in old version with the edited AST node from the new AST
version. For example, if Flota wants to apply an atomic change
CM (C.m() ) to the original program. It first finds the AST node

of methodC.m() in the updated program version, then it replace
theC.m() node in the original program with the updated one. For

some changes likeIC , Flota may replace AST nodesinmorethan  To evaluate our proposed technique, We performed two case
one place. And for the selected change that has prerequisites, Flotatudies on 6 Aspect benchmark versions using our Flota tool. Next,
will first update the AST nodes of these dependent changes beforewe will describe our experimental setup, present the case studies,
updating the selected one. and discuss the resullts.

Besides handling the technical issues likeal and Anonymous
Class andlnitialize Blockdiscussed in [8], a special case in Flota 5.1 Subjective Programs
implementation is that the advice declaration is anonymous in As-

Figure 8: The User Interface of Flota

pectd programs. For this case, you can even define two identical [ Programs] #Loc | #Vef #Md #Shad #Test§ %md %as¢
advices in one aspect. Therefore, we assign names for each piece [Tracing | 1059 | 4 44 1 32 15 100 [ 100
of advice manually according to their declaration sequences in the Dcm 3423 ] 2 249|359 | 157 | 94.3| 735
program. The anonymous pointcut is treated as a part of advice

declaration, thus any changes to the anonymous pointcut body will Table 2: Subject Programs

result in the definition change of associated advice.

The current granularity of changes Flota handles is at the method
(advice) level, because we believe most regression tests focus o
functionality at a method level instead of the inner details of method
implementation. On the other hand, both Java and AspectJ lan-
guage provide numerous constructs below the method level such a:
inner class (aspect). However, the the Aspectd semantic and nam
ing conventions complicate pinpointing its relative position within
the enclosing method. Therefore, the current implementation of
Flota does not handle sub method level changes individually. We
may consider handling such changes in our future work.

We use two AspectJ benchmarks for the experimental study. These
two programs are included in the AspectJ compiler example pack-
rhge [1]. These two AspectJ benchmarks have also been widely used
by other researchers to evaluation their work [9, 10, 21].

Table 2 shows the number of lines of code in the original pro-
ram (#Loc), the number of versions (#Ver), the number of meth-
ods (#Me), the number of shadows (#Shad), the size of the test
suite (#Tests), the percentage of methods covered by the test suite
(%mc), and the percentage of advice shadows covered by the test

suite (%asc).Advice shadow coverags defined as follows. An
Advice shadow interactiooccurs if a test executes an advice whose
4.3 Flota Interface pointcut statically matches a shadow. Tdvice shadow coverage

Flota provides an interface to display the ordering atomic chan esis the ratio betweeAdvice shadow interactiemand the number of
P play g 9€Sshadows in program.

DeuEGD i PIOGTa Uersons I Sependence e MAME A For cach program, e made th st versi pure Jva 1o

ure 8 FI)(/)ta resents a I?a hical de ict?on of a dep endence trgeegram by removing all aspectual constructs. For some program ver-
Iisting’ all affeEing changegs aF;ld their peerequisites (aﬁree node de_sions, we made additional modifications to produce more general
pends on its child node). For example, in Figure 8, the highlighted changes rather than only changes within bodies of methods or ad-

. vices. We also developed a test suite for each subject program. The
changeAEA depends on theA andANP changes, while thaNP experiment was conducted on a DELL C521 PC with AMD Sem-
change also depends on th& change.

Flota allows programmers to select one or more atomic changespron 3.0G Hz CPU and 1.0GM memory.

from the dependence tree to apply. It also provides a roll back § 2 Threats to Internal Validity

function to restore the intermediate program to the original one. . .
prog g Although the subjective programs are among the largest avail-

able benchmarks, they are smaller than traditional Java software
5. EMPIRICAL EVALUATION system. For this case, we can not claim that the experiment results
3Flota can not handle sub-method-level local classes currently, in- can be necessarily generalized to other programs. Other threats
stead treat them as@M change. mostly concern possible errors in our tool implementations and
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Figure 9: Number of atomic changes between each version pair
of Tracing benchmark
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Figure 10: (a) Number of affected changes, affecting changes,
and (b) affected tests for each version pair of Tracing bench-
mark

measurement tools that could affect results. To minimize these
threats, we validated the implementations on widely used bench-
marks and performed several sanity checks.

5.3 Case Study 1: Tracing
5.3.1 Atomic Changes

Tracing is a small size AspectJ application and its atomic change

categories between each successive versions are shown in Figure 9
Note that not every category of atomic change occurs between each
version pair. There are total 15 categories of changes among 3 ver-
sion pairs, in which 8 are aspect-related changes. The most fre-

guent changes of aspect featur@I€ , while the overall most fre-
guent change is theM.

5.3.2 Affected Tests and Affecting Changes

The number affecting changes and affected tests are shown in

Figure 10. Interestingly, 100% of the tests in each version are
affected, because versian adds two pointcutsiexecution(
*(.))  andexecution( * new(.))  which cross cut base Java
methods and are always executed at runtime. In versiandv,

of Tracing benchmark, this two pointcuts and their associated ad-
vices are all modified. For the affecting changes, in each version,

*

36.5%, 47.8% and 72.9% of the total atomic changes were respon-

sible for the affected tests.

5.3.3 Debugging Using Flota

4The atomic changes between versign_; andv,, are shown in bav,, .

Figure 11: Number of atomic changes between each version
pair of Dcm benchmark

Itis a challenge to find appropriate test data for Flota to stimulate
the debugging activities. However, we found one tegtiareTest.
testPerimeter which passed in Tracing’s 2nd version, but failed
in its 3rd version. We use Flota to find the failure-inducing changes
of this test. First, Celadon takes the Tracing program versi@nd
vs as inputs, and generates atomic changes to represent the source
code changes. Second, for the failed 8egtareTest.testPeri-
meter() , Celadon lists its affecting atomic changes. Finally, the
output of Celadon is passed to Flota.

There are totally 8 affecting changes for the failed test, which
account for 13.5% of the total number. First, we selected\i@
changes, which is caused by the new added ad¥tieg): pe-
rimeterAndArea() . ThisAIC change depends on other 4 changes.
Therefore, Flota constructs an intermediate program version only
containing these 5 changes. We re-execute the failed test cases
against this intermediate version and find it passed. Next we select
another chang€M (Square.square(double,double,double) )
and find it is responsible for the program failure. In order to con-
firm our result, we apply the other atomic changes to the original
version except foEM and re-executetdstPerimeter() , which
then succeeded. This indicates t8M is the only failure-inducing
change.

5.4 Case Study 2: Dcm

5.4.1 Atomic changes

Dcmis one of the largest Aspectd benchmarks available now and
its atomic change categories between each version pair are shown
in Figure 11. There two versions for the Dcm benchmark. Version
vo adds a new packageCMmto the source directory, in which the
changes are captured by total 85 atomic changes.

5.4.2 Affected Tests and Affecting Changes

The affecting changes and affected tests are shown in Figure 12.
Between Dcm versiom; andwz, about 67.1% of the tests are af-
fected and there are total 85 affecting changes, in which 86.2% is
responsible for the affected tests.

5.4.3 Debugging Using Flota

The test suite shown in Table 2 passed in the first version of Dcm
benchmark. However, we found one tB§tM.DataTest.testTo-
taIDCM() failed. We use Flota to locate the exactly failure causes.
As mentioned in the first case study, the output of Celadon was
passed to Flota and Flota displays the affected tests and its affected
changes in a tree format for programmers to select.



W Total Atormic Changes W Affected Changes e — sider several related affected tests together with their affecting changes.
For AspectJ programs, faults may be caused by multiple source
changes, so the exploration of intermediate program versions may
also correspond to changes from multiple tests. Therefore, in Flota
implementation, we providemall back function to allow program-

mer undo the applied changes to ease the process of identifying
failure-inducing changes.
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6. RELATED WORK

In previous research [23], we described our change impact anal-
ysis approach for Aspectd programs and presented our Celadon
framework. In [23], we identified a catalog of atomic changes in
Figure 12: (a) Number of affected changes, affecting changes, AspectJ programs and proposed a change impact analysis model to
and (b) affected tests for each version pair of Dcm benchmark determine affected program parts, affected tests and their affecting

changes. In this paper, we describe a fault localization technique
for AspectJ programs as an application of change impact analysis.

The testestTotalDCM() ~ has 12 affecting changes, which are  We refine the semantic dependence relationships, which is briefly
identified by Celadon from the total of 85 changes between two discussed in [23], between atomic changes, and summarize five de-
versions of Dcm. Those 12 affecting changes comprise various pendence rules. These dependence rules is the foundation of cre-
kinds of atomic changes, such AfC, AEA andANP. Since we ating Self-Contained atomic change set and construct syntactically
are not familiar with the source code, we first guess thaiAlE& valid intermediate program versions in Flota implementation.
(DCM.handleMetrics.Metrics.after():dataOutput() )change  Other areas of research related to our work are change impact
may alter the program behavior and should be responsible for theanalysis techniques, debugging and fault localization techniques.
failure. We select this change and apply it to the original version. )

Flota constructs the intermediate program version containing only 6.1~ Change Impact Analysis

AEA and its 4 depended changes. We test this intermediate version Recently, many change impact analysis [5, 12, 15, 17, 24] tech-
against the failed test and find it passed. Therefore, this 5 changesiques have been proposed in recent years, which are mainly fo-
can be ignored. Next, we suspect another advice chakte cused on procedural or object-oriented languages. These analysis
(DCM.handleGC.AllocFree.after():dataoutput() )tobethe including static analysis [16], dynamic analysis [12] or, on a combi-
responsible one. Similarly, we select and apply this change to con- nation of the two [5, 15] are concentrated on finding program frag-
struct another intermediate program version. However, this inter- ments which are potentially affected by changes. Ryder et al. [17]
mediate program version passed the test case again. Therefore, wéirst use the atomic changes to perform change impact analysis for
can ignore those 5 changes further. After two iterations, we focus Java programs. They presented a catalog of atomic changes and a
our attention on two remaining chang®s! (DCM.Data.totaDCM() ) sophisticated definition of dependencies between atomic changes
andCM (DCM.Data.totalDCM() ), in which the latter dependson  as well as their analysis tool in [16]. However, they focus on the
the former. We apply th€M change to the original version and  Java language features, and our previous work [23] is an exten-
found the test failed. In order to confirm our result, we apply the sion of the concept of atomic changes to aspect-related constructs

D2 oz
(@) Affecting changes of Dem benchmark (1) Affected tests of Dem benchmark

other atomic changes to the original version exceptGdt and to perform impact analysis for AspectJ programs. In this paper, we
re-executedestTotalDCM() , which then succeeds. This indi- proposed a fault localization techniques for AspectJ programs as an
cates that the change 6M (DCM.Data.totalDCM() ) is the only application of our change impact analysis approach.
failure-inducing change. Perhaps the most similar work to ours is @sp debugging tool

. . . for Java programs described in [8]. They use a novel approach to
5.5 Discussion of Experlmental Result find fault locations in Java programs by isolating the likely failure-

In the experiment, we demonstrated the potential ability of Flota inducing changes. Stoerzer [18] et al also presented an change
to identify the failure-inducing changes in AspectJ programs. Dur- classification tooDUnit/CIA built on JUnit and Chianti [16] which
ing the experiment, programmers can ignore certain changes thatclassifies Java atomic changes with respect to the tests they affect
do notresultin the failure, and narrow down a smaller set of changesin order to identify the likely source editing of test failure. And our
until they locate the exactly failure reasons. In our approach, the tool Flota based on the AspectJ change impact model [23] is aimed
syntactic dependence between each atomic change is calculatedo provide debugging support for AspectJ programs.
automatically, the Self-Contained atomic change set is computed . . .
by Flota and the intermediate program version is guaranteed to be6-2 Fault Localization TEChmqueS
compilable, so the programmers only need to focus on the valid, in-  Delta debugging, first proposed by Zeller [22], is used to iden-
teresting intermediate program versions. From the experiment, wetify the reasons for a program failure among large sets of textual
find Flota can effectively reduce the number of responsible changeschanges. It searches the entire set of changes and builds the inter-
when a specific test fails, by repeatedly constructing the intermedi- mediate programs by repeatedly applying different subsets of the
ate program version. Such as in the Dcm case study, Flota reducecthanges to the original program. Concerned the differences be-
12 responsible changes to 2 after two iterations, which is much tween program versions, both delta debugging and our work aim at
more efficiency than manually inspecting one by one. We also find, identifying failure-inducing changes. However, Zeller’'s approach
in most cases, selecting changes with few or without prerequisites mainly focused on the textual differences like changing one line
(such as theCM change in Dcm case) turns out to be extremely or one character between succeeding and failing program execu-
effective to isolate failure-inducing changes. tions, while our approach and implementation take into account the
The method level coarse grained atomic changes simplified the semantic dependence relationships between small changes (atomic
exploration process. However, the programmer may have to con-changes) to ensure syntactic correctness.



Other fault localization techniques based on program slicing [20], [10]
program dicing [7], thin slicing [14], dynamic hierarchy slicing [19]
et al have also been widely proposed by researchers. Computing a
slice with respect to an incorrect value determines all statements [11]
that may have contributed to that value, and will generally include
the statements that contain the error. However, there are several
important differences between our approach and slicing’s approach|12]
to locating faults. Program slicing is a fine grained analysis at the
statement level that can be used to inspect a failing program to help
locate the cause of the failure, and slicing may become very large.
Our work which is at the method level is focused on how to find [13]
failure-inducing edits effectively.

[14]

7. CONCLUDING REMARKS

In this paper, we presented a fault localization technique for As-
pect] programs. The fault localization technique is based on the
atomic changeepresentation, which captures precisely the seman-
tic differences between two program versions. We also described[16]
Flota, a fault localization tool which can be used to isolate failure-
inducing changes from others by constructing intermediate pro-
gram versions. In our experimental study, we found Flota can sig-
nificantly reduce the number of failure responsible changes and im- [17]
prove the effectiveness of locating faults in AspectJ programs. The
empirical data also shows that Flota is very promising in assisting [18]
programmers to focus on a very small subset of changes that may
alter the behavior of a regression suite.

In our future work, we intend to improve our change impact anal-
ysis model described in [23] to capture the semantic changes more
accurately in AspectJ programs. We also want to refine the granu-
larity of our atomic change categories to support automatic debug-
ging.
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